Data envelopment analysis (DEA) is used to examine the efficiency of 74 front wheel assist agricultural tractors from three U.S. manufacturers. The outputs of drawbar horsepower and power takeoff horsepower are modeled in a constant returns-to-scale framework using three productive performance inputs (fuel consumption, slip, and center of gravity), and one price input, namely, retail tractor price. The results suggest that by and large, John Deere tractors are more DEA efficient than their competitor's tractors. However, competitor's tractors that are DEA efficient are most often the top benchmarks for DEA inefficient tractors. These results suggest that while John Deere appears to produce many quality tractors, competitor's like CNH and AGCO produce a few tractors that may be of even higher quality.
INTRODUCTION
The U.S. market for agricultural tractors has evolved over the last century from a structure with numerous small manufacturers, each producing at most one brand to essentially three large manufacturers each producing at least two tractor brands. 1 For example, CNH manufactures Case-IH tractors as well as the New Holland line of tractors, and AGCO manufactures Allis, White, and Massey Ferguson brands of tractors. Among the large (i.e., over 100 horsepower) U.S. agricultural tractor manufacturers, only John Deere continues to produce a single tractor brand. Despite producing only one line of tractors, John Deere has a commanding presence in terms of market share in the U.S. and international agricultural equipment markets. One might wonder whether these tractors are really that much better than their competition, and if so, what factors contribute to their performance.
Performance measurement and its relationship to the measurement of the efficiency of agricultural tractors is not a new topic of research. Numerous studies have been conducted to measure efficiency from an engineering perspective.
Product development engineers have developed parameters such as Tractive Efficiency (TE) and Power Delivery Efficiency (PDE) to evaluate and compare tractor performance [1] [2] [3] . PDE is defined as the ratio of a tractor's delivered drawbar power to its vehicle input power while TE is the ratio of output power to input power of the tractive device. According to Zoz et al. [1] [2] , PDE gives a more complete and meaningful understanding of performance differences and includes TE and the efficiencies of the entire traction vehicle drivetrain from engine to drawbar. TE does not consider drivetrain and other efficiency losses; hence it is effectively a component of PDE.
Engineering definitions of efficiency, such as PDE and TE, are by design, single input-single output measures. That is, they seek to measure the efficiency of a tractor in producing a single output by expressing it relative to a single input. Intuitively, multiple inputs and/or multiple outputs might provide more meaningful efficiency estimates and provide for more meaningful performance comparisons. However, a weighting scheme would be required for such a measurement and it is unclear how the weights for the various inputs and outputs should be determined. As demonstrated by Bulla, Cooper, and Wilson [4] , Data Envelopment Analysis (DEA) can overcome this drawback by endogenizing the determination of the weights in a multi-input, multi-output setting using a linear programming approach. Compared to regression, such an approach also offers the advantage of being nonparametric in nature.
In this study, the technical specifications and performance information for 74 agricultural tractors from three U.S. manufacturers are considered to determine which tractors are most efficient in delivering outputs using a predetermined set of inputs. Contrary too many previous applications of DEA where the Decision Making Unit (DMU) is a firm (e.g. a bank), the current study DEA INPUTS AND OUTPUTS -To conduct the estimation in Equation (1) , the vectors of inputs (x) and outputs (y) must be specified. Obvious outputs for an agricultural tractor include drawbar horsepower and power takeoff (PTO) horsepower. More clearly, a tractor is capable of producing two kinds of output related to its ability to pull an implement (drawbar horsepower) such as a plow, and operate other implements (PTO horsepower) such as forage equipment. All else equal, higher drawbar and PTO horsepower is more desirable.
treats each tractor as the relevant DMU. Hjalmarsson and Odeck [5] took a similar approach to investigate the efficiency of road construction trucks as did Bulla, Cooper, and Wilson [4] in examining the efficiency of turbo fan jet engines.
To determine the efficient set of tractors, the Charnes, Cooper, and Rhodes (CCR) constant returns-to-scale DEA methodology [6] is employed. The results of the DEA analysis are then further analyzed to help identify factors that contribute to and detract from a tractor's relative performance and efficiency. In the sections that follow, the DEA model and data to be used are described in detail. Then, the results from the estimation of tractor efficiency scores and the determination of benchmarks are discussed. Lastly, concluding remarks are made.
On the input side, two types of inputs are modeled, namely, productive performance inputs and a price input.
The most obvious choice for a productive performance input is fuel consumption as this is the most critical input for generating drawbar and PTO horsepower.
Lower fuel consumption is a more desirable trait in a tractor. Other potential productive inputs would relate primarily to tractor design such as engine size (CID), number of cylinders, bore and stroke, tractor weight, etc. For our purposes, two inputs in addition to fuel consumption were chosen to measure efficiency, namely, slip and center of gravity.
DATA ENVELOPMENT ANALYSIS
DEA MODEL -As noted above, the DEA model implemented to examine tractor efficiency is the Charnes, Cooper, Rhodes (CCR) constant returns-toscale methodology with an input orientation. The CCR approach is implemented as a dual linear program expressed for each DMU j as Slip is the ratio of the difference between the theoretical and actual travel speed of a tractor to the theoretical speed, and is measured in percentage terms [3] . In this context, slip represents a loss in efficiently transferring power from the engine to the drive wheels of the tractor. Such a loss undermines the ability of the tractor to generate drawbar horsepower.
Less slip is more desirable. 
The center-of-gravity (CG) of a tractor is the point at which the whole mass and weight may be considered to act, and is measured along its longitudinal wheelbase (i.e., length) that distributes its weight between the front and rear axles of the tractor [3] . Thus, the CG is longitudinally located at a point somewhere between the centerlines of the front and rear axles. The more weight that is distributed to the rear wheels of a tractor, the less slip the tractor typically generates, the more efficient is the delivery of drawbar horsepower. This implies that a lower value of the center-of-gravity (i.e., measured as a percentage of the distance from the CG to the centerline of the rear axle of the tractor to its wheelbase) is desirable.
where m and i index inputs (x) and outputs (y) and k indexes all DMUs (i.e. tractors) under investigation. The program seeks to find an optimal set of weights (denoted by λ) that satisfy the constraints in (1) and give rise to an efficiency score denoted by θ. Since we are dealing with a dual problem in (1), the optimal weights are the shadow prices associated with the primal problem. Also, the sum of the weights for each tractor j gives an estimate of the returns-to-scale with ∑ indicating increasing returns-to-scale and indicating decreasing returns-to-scale. The magnitude of the weights also gives information about relevant benchmarks for each inefficient tractor. This is an important point in that it is the model solution that determines the benchmarks for inefficient DMUs, not analysts or manufacturers.
Lastly, a non-productivity input is also modeled, i.e., the "f.o.b. price" of a tractor, which represents management's input into the tractor. A given tractor's price reflects the extent of its technology enhancements and includes research and development recovery as a component.
Management prices tractors to be consistent with demand expectations, capital recovery, and corporate profitability targets. Lower tractor prices are more desirable in this context. Taking price into Bulla, Cooper, and Wilson have analytically shown how the concept of optimality arising in a system such as Equation (1) can be reconciled with the concept of engineering efficiency. This result is important for the research in this study since the application of the concept of DEA efficiency should be internally consistent with that of engineering efficiency.
consideration is an important feature of the model since a tractor that is DEA efficient in its ability to use productive inputs to generate productive outputs might also do so at an inefficient price. In this case, the DEA model can be used to help determine the extent to which product pricing enhances or undermines DEA efficiency. 
EMPIRICAL RESULTS
The efficiency estimation was conducted using software developed by Zhu [11] . Input and output slacks are determined for each DMU, as well as, shadow prices which give information regarding the appropriate benchmarks for the identified inefficient tractors. In addition, returns-to-scale information provided. Table 1 are the tractors ranked by DEA efficiency score along with the associated input and output slacks. As shown in Table 1 , 18 tractors were identified as DEA efficient (i.e. radial efficiency score equal to 1) with the remaining 56 tractors identified as DEA inefficient (i.e. radial efficiency score less than 1). The 18 DEA efficient tractors form the DEA frontier below which all of the remaining tractors fall.
TRACTOR DEA EFFICIENCY SCORES -Presented in
The information presented in Table 1 should be interpreted in the following manner. Using the Case-IH MX 80C as an example (ranked last), the efficiency score is θ* = 0.7747 which indicates that to become DEA efficient, this particular tractor would have to reduce its use of all inputs by 1 -θ* = 22.53% and then simultaneously decrease its slip by 0.96%, reduces its center of gravity by 9.44% (i.e., move towards the centerline of the rear drive axle), and reduce its price by $7,395. From this description, it is most likely the case that CNH has invested too much in the technology of the MX 80C relative to its performance, since the tractor is overpriced relative to its ability to deliver horsepower. Other inefficient tractors can be interpreted in a similar manner.
In looking at the table, several other results are apparent. First, fuel consumption efficiency is generally not a problem with modern agricultural tractors. Only four tractors could stand to improve their fuel consumption efficiency (beyond that suggested by their overall input inefficiency) and in each instance, the necessary improvement would need to be very small (about 0.4 to 1.9 HP hr/gal) to make these tractors efficient with respect to this input. Interestingly, three of the four tractors are Case-IH tractors and none are John Deere tractors.
The remaining productivity-oriented inputs (i.e., slip and center-of-gravity or CG) appear to go hand-in-hand in terms of inefficiency. This is not unexpected since the center of gravity of a tractor, and its attendant slip, are correlated. These inputs reflect the form and function of the tractor's architecture (the geometric and inertial properties of the tractor's powertrain components and operator's station and cabin). In looking at the results, the most input inefficient tractors tend to be those that have a high CG value (measured as a percentage from the CG to the rear axle of the tractor) and generate significant slip. Price inefficiency is also most pervasive for highly inefficient tractors. These tractors are almost universally AGCO and CNH tractors. 3 Output inefficiency is generally linked with respect to drawbar horsepower (i.e., the conversion of rotary motion of the powertrain to the linear motion of the drawbar of the tractor [3] ). Only two tractors (both produced by AGCO) are inefficient in generating PTO horsepower (i.e., the conversion of the rotary motion of the powertrain to rotary motion of an output shaft to deliver power to attached implements [3] ).
The remaining output inefficiencies are related to drawbar horsepower and are all very marginal ranging from less than a half horsepower to about 14 horsepower. From these results, we can conclude that the DEA efficiency of agricultural tractors appears to be most influenced by inputs as opposed to outputs. Further, center-of-gravity and slip (i.e., function of the tractor architecture) appear to be the sources of most of the inefficiencies with price inefficiency generally playing a role in the most DEA inefficient tractors. STATISTICAL TEST OF MEANS -A test of means was conducted to determine whether there was any statistical difference between the 18 DEA efficient and the 56 DEA inefficient tractors with respect to their outputs. The results presented in Table 2 suggest that the two groups are quite different. More specifically, the mean PTO horsepower for the DEA efficient (inefficient) tractors is 162 (104) and the means are statistically different at the 1% confidence level. Similarly, the mean drawbar horsepower for the DEA efficient (inefficient) tractors is 133 (84) and the means are statistically different at the 1% confidence level. From this, one can conclude that DEA efficient tractors tend to be larger tractors (in terms of their drawbar and PTO horsepower outputs).
RETURNS TO SCALE AND BENCHMARKING -The question remains as to which brand of tractors are most DEA efficient and most often benchmarked. Presented in Table 3 are returns-to-scale and benchmark information for the 56 tractors identified as being DEA inefficient. In most cases, the returns-to-scale identified by the model are increasing. Furthermore, Figure 1 provides information regarding the incidence of benchmarks by tractor and manufacturer. For example, DMU 51, which is identified as the New Holland TS 110, is the most frequently referenced benchmark for inefficient tractors being referenced 16 times.
Interestingly, DMUs 30 (Case-IH MX220) and 67 (Massey-Ferguson 6270) are tied for second-place in terms of being the most frequently referenced benchmark.
Despite John Deere's relatively high incidence of DEA efficient tractors, they are less frequently a top benchmark for other inefficient tractors. While John Deere tractors tend to be DEA efficient and are often top benchmarks for inefficient tractors, each tractor manufacturer has at least one tractor in their line that is not only DEA efficient, but is also an overwhelming choice for a top benchmark. The New Holland TS 110 tractor, for example, is a top benchmark for 16 of the 54 DEA inefficient tractors and a top three benchmark for nearly one-third of all DEA inefficient tractors. 
COMPARISON OF DEA EFFICIENT COMPETITORS -
compared to the other three tractors. Next, the second and third "rule-of-thumb" considers the price to buy one PTO horsepower and one drawbar horsepower, respectively. From Table 4 Another parametric value is the ratio of the vehicle weight carried by the tractor's rear axle to drawbar horsepower developed by the specific tractor. A lower valued ratio would indicate that a tractor's output is more efficient given the inputs. The values of this ratio indicate that the Massey tractors are more efficient in the sense that less rear axle weight is needed for each unit of drawbar horsepower. The fifth and last "rule-of-thumb" is that static distribution of tractor weight on the axles. In Table 4 , the percent of the total tractor weight carried by the rear axle is presented. Traditionally, tractor manufacturers have suggested that the 60% of the tractor weight should be carried on the rear drive axle. The results indicate the four tractors carried approximately 60% of the vehicle weight on the rear axle. From a DEA efficiency perspective, the New Holland tractor is the best in this group.
The results indicate that for at least the 74 tractors analyzed, vehicle architecture (i.e., center-of-gravity and slip) contributes more to their DEA efficiency than powertrain efficiency (i.e., fuel consumption performance) does. The four "100 HP" tractors are used to verify these results. Two tractors have shorter wheelbases (i.e., the New Holland and Deere) compared to the two Massey tractors. The shorter wheelbase allows the New Holland and Deere tractors to be more maneuverable (e.g., shorter turning radius). Also three of the four tractors (i.e., New Holland, Deere and Massey 6270) have essentially the same amount of gross vehicle weight on the rear drive axle. Thus these three tractors have essentially equivalent tractive performance efficiency characteristics. To verify this claim, Zoz's "Tractive Performance" spreadsheet (described in Reference [2] ) was used. The simulated tractive performance results for these three tractors were essentially identical. The results for the Massey 4270 were comparable. Again, the vehicle weight and wheelbase attributes affect other tractor performance characteristics. A 'lighter' vehicle (i.e., less weight) influences other engineering considerations (such as ride and handling), manufacturing (such as less material and handling costs) and profitability.
CONCLUSION
It is often said that the green paint on John Deere tractors adds price/value. An analysis of tractor data from various U.S. manufacturers reveals that John Deere tractors are generally more DEA efficient that their competitor's tractors in using productive and price inputs to generate horsepower output. This result seems to suggest that while John Deere tractors may have brand appeal, on average, they are of high enough quality to justify a higher price. However, this is not to say that AGCO and CNH tractors are inferior across the board. In fact, a Massey Ferguson tractor (made by AGCO) and two CNH tractors (a New Holland and Case-IH tractor) are top benchmarks for the majority of DEA inefficient tractors. Despite the generally high quality of John Deere's product as measured by DEA efficiency, competitor tractors are often times the industry standard.
Preliminary results suggest that the DEA methodology could be used as a product planning tool, particularly when interfaced to computer-aided engineering methodologies. For agricultural tractor development, DEA could serve as a guide to optimize future prototype tractor model development, particularly in terms of tractor architecture to evaluate form and function considerations.
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